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The Tetrahymena pre-rRNA self-splicing intron is
shown to function in the unnatural context of an mRNA
transcribed by RNA polymerase II in mammalian
cells. Mutational analysis supports the conclusion that
splicing in cells occurs by the same RNA-catalyzed
mechanism established for splicingin vitro. Insertion
of the intron at five positions spanning the luciferase
open reading frame revealed 10-fold differences in
accumulation of ligated exons and in luciferase activity;
thus, the intron self-splices in many exon contexts, but
the context can have a significant effect on activity. In
addition, even the best self-splicing constructs, which
produced half as much mRNA as did an uninterrupted
luciferase gene, gave ~100-fold less luciferase enzyme
activity, revealing an unexpected discontinuity between
mRNA production and translation in cells. The finding
that production of accurately spliced mRNA in cells
does not guarantee a corresponding level of protein
production is surprising, and may have implications
for the development of trans-splicing ribozymes as
therapeutics.
Keywords: group I intron/mammalian cells/mRNA/
ribozyme/RNA splicing/translation

Introduction

The Tetrahymenaintron is a self-sufficient catalytic unit:
the RNA folds into a specific three-dimensional shape
that provides an active site for the splicing of the adjacent
exons (Cech and Golden, 1999). As such, it might be
expected that this intron could be transplanted to a new
gene location in a different cell type and would retain its
self-splicing ability. Indeed, this assumption has provided
the basis for development oftrans-splicing group I
ribozymes to repair defective mRNAs produced in indi-
viduals with genetic disorders. Such ribozymes can pair
with mRNA sequences that precede a mutation or deletion,
cleave off the defective downstream portion of the mRNA
and splice on an unmutated RNA segment, thereby regen-
erating a functional, translatable mRNA (Sullenger and
Cech, 1994; Sullenger, 1997). Thus, the questions of
efficiency and accuracy of group I intron self-splicing in
the mammalian cell milieu has a growing biotechnology
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interest, and also a basic biology interest—to what extent
is a ribozyme activity that has undergone evolutionary
selection in one cellular environment transplantable into
a different environment?

Previous work provides the expectation that the exon
context of a self-splicing intron can affect its activity.
Truncating the 59 or 39 exon of theTetrahymenapre-
rRNA at different locations can have a significant effect on
self-splicingin vitro (Woodson and Cech, 1991; Woodson,
1992). The last few nucleotides of the 59 exon must pair
with the intronic internal guide sequence (IGS) for splicing;
if they instead form a stem–loop with other exon
sequences, splicing is inhibited. The same sort of exon
structures can inhibittrans-cleavage of an RNA target,
which requires that the IGS bind intermolecularly to a
complementary target sequence (Zauget al., 1986;
Campbell and Cech, 1995). Similarly, secondary and
tertiary structure of some target RNAs can interfere with
their cleavage bytrans-cleaving hammerhead ribozymes
(Fedor and Uhlenbeck, 1990; Heidenreich and Eckstein,
1992).In vivo, proteins that act as RNA chaperones may
facilitate RNA catalysis by preventing misfolding of RNAs
and resolving RNAs that have misfolded (Coetzeeet al.,
1994; Herschlaget al., 1994; Herschlag, 1995; Semrad
and Schroeder, 1998; Clodiet al., 1999). However, such
chaperones can overcome inhibitory exon sequences only
if the active structure is reasonably stable relative to the
inactive structures.

In predicting whether a foreign cellular environment
might support group I ribozyme reactions, the cellular
milieu is another consideration. Self-splicing requires only
~1 mM Mg21 and micromolar concentrations of guanosine
or GTP, which would seem to be readily available in
diverse cells. Yet, activity can be enhanced or inhibited
by polyamines, other cations or proteins whose presence
and concentrations are difficult to predict. Thus, an experi-
mental approach is useful.

The Tetrahymenagroup I intron inserted into the
α-fragment of theβ-galactosidase gene undergoes self-
splicing in Escherichia coli (Price and Cech, 1985;
Waringet al., 1985), but neither the rate nor the efficiency
of splicing was assessed. A ribozyme constructed from
a bacteriophage T4 group I intron was shown to convert
active mRNA sequences into a covalently closed circular
form in both bacteria and yeast (Ford and Ares, 1994).
The yeast RNA species also contained a spliceosomal
actin intron; the distribution of RNA products suggested
that, for the majority of transcripts, the actin intron was
spliced prior to the ribozyme reaction (Ford and Ares,
1994). Thus, the group I reaction appeared to be slow.
Finally, the Tetrahymenaribozyme was able totrans-
splice a new 39 exon sequence onto truncatedβ-
galactosidase mRNA transcripts inE.coli (Sullenger and
Cech, 1994) and in the cytoplasm of mouse cells (Jones
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et al., 1996), and when transfected as RNA it underwent
trans-splicing onto endogenousβ-globin transcripts in
erythrocyte precursors derived from sickle cell patients
(Lan et al., 1998). Optimization of the efficiency of
one of these reactions by increasing the ribozyme:sub-
strate ratio showed that atrans-splicing ribozyme can
convert as much as 25–50% of targeted RNA in
mammalian cells (Jones and Sullenger, 1997). Protein
production from RNAstrans-spliced in mammalian cells
has not been reported. The overall summary of these
past studies is that group I ribozymes typically show
activity when transplanted into mRNAs in other cell
types, that the efficiency of these RNA reactions in
cells has been explored in only a few cases and that
translation of the reacted mRNA has rarely been
assessed.

In the current study we demonstrate and analyzecis-
splicing of the Tetrahymenaintron from a luciferase
mRNA transcript in three mammalian cell lines.Cis-
splicing ensures that the ribozyme is in immediate
proximity to its target sequence, thereby circumventing a
possible rate-limiting step intrans-splicing. The luciferase
reporter is sensitive and gives a linear response over a
wide range. Five main questions are addressed. (i) Does
group I intron self-splicing occur in mammalian cells?
(ii) How efficient is it? (iii) How greatly does efficiency
depend on the site of insertion, i.e. on exon context?
(iv) Do in vitro self-splicing rates or efficiencies provide
reasonable predictions of activity in cells? (v) Is the self-
spliced RNA always competent to be translated in cells?
We found that all the intron-containing precursor RNAs
we constructed gave rise to accurately spliced mRNA
in mammalian cells but, unexpectedly, the amount of
translation varied depending on the position of intron
insertion, and even in the best case was inefficient. Possible
explanations for this discrepancy include perturbation by
the intron of mRNA surveillance or transport events.

Results

Construction of a reporter gene interrupted by the
Tetrahymena intron
Position 958 of the firefly luciferase open reading frame
(ORF) is preceded by the sequence CCCUCU, which is
complementary to the IGS of theTetrahymenaintron
(GGAGGG; Waringet al., 1983). Thus, theTetrahymena
intron inserted at this site would be expected to form a
normal P1 (59 exon–IGS pairing; Figure 1A), including
the required G·U wobble pair at the 59 splice site (Strobel
and Cech, 1995), and undergo self-splicing (Been and
Cech, 1986; Waringet al., 1986). The P10 (IGS–39 exon)
interaction is not as essential as P1 but nevertheless
facilitates exon ligation (Suh and Waring, 1990). Thus,
nucleotides 15–20 of the intron sequence were altered to
be complementary to nucleotides 960–965 of the luciferase
mRNA, allowing a 6 bp P10interaction (Figure 1A).The
intron-containing luciferase gene was cloned into a plasmid
vector that had a T7 promoter forin vitro transcription
and a cytomegalovirus (CMV) promoter for expression in
mammalian cells. The gene did not contain any spliceo-
somal mRNA intron, but did contain a bovine growth
hormone gene polyadenylation signal.

To test whether the intron was capable of undergoing
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Fig. 1. Secondary structure of theTetrahymenagroup I intron.
(A) IGS–exon interactions for an intron (upper case letters) inserted at
nucleotide 958 of the luciferase mRNA (lower case letters). Arrows
indicate 59 and 39 splice sites. In this case, the naturalTetrahymena
sequences matched the luciferase 59 exon, allowing formation of
paired region P1. The sequence of the other half of the IGS (boxed)
was altered to be complementary to the luciferase 39 exon, allowing
formation of P10. (B) Schematic representation of the entire intron. P1
and P10 are highlighted, and the positions of mutations used to test for
self-splicing in cells are indicated. To prevent crowding in the
diagram, straight lines are used to show connectivity of the three
structural domains (labeled P4–P6, P1–P2 and P3–P9). Arrowheads on
lines indicate 59→39 polarity.

self-splicing in the context of these foreign exons, the
plasmid DNA was linearized withEcoRI (which cleaves
eight nucleotides past the luciferase termination codon)
and transcribed with phage T7 RNA polymerase. The
artificial ~2100 nucleotide transcript underwent guanosine-
dependent self-splicing to generate the expected
1650 nucleotide ligated exons and the 414 nucleotide
excised intron (data not shown).

A point mutation within the intron (A187G) was missed
by automated sequencing but later found in Luc(958*)
and all the mutant derivatives described below. [The
asterisk in Luc(958*) denotes this mutation.] A187 is
involved in a non-Watson–Crick base pair with U135 and
therefore has a supporting role in tertiary folding of the
P4–P6 domain of the intron (Cateet al., 1996). Any
destabilization caused by A187G may help to reveal
negative effects of other mutations, a strategy employed
purposefully by Jacquier and Michel (1987) and Couture
et al. (1990).
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Table I. Effect of intron mutations on expression of an intron-
containing luciferase gene in 293 cells

Mutant Predicted Luminometer units % Activity
effect

Luc(958*) – 42 6506 7582 100
G264A catalytic 766 33 0
C311U catalytic 1156 7 0
del P5abc structural 1536 112 0
L5b-UUCG structural 1886 69 0
A152G structural 3276 70 1
C223G structural 97816 2168 23
G250C structural 356 3 0
A186G structural 7956 197 2
A386C none 23 2846 4204 55
L6b-GAGA none 15 9166 3580 37

For comparison, the intronless luciferase gene gave 13 108

luminometer units and Luc(958) (without A187G mutation) gave
2 3 106 units.

Self-splicing of a pol II transcript in human cells
Luc(958*) DNA, which contains the luciferase gene inter-
rupted by theTetrahymenaintron, was transfected into
human 293 cells, an immortal embryonic kidney cell line.
After 40 h, the cells were harvested and monitored for
luciferase activity. Luciferase activity (Table I) was easily
detectable, but was low compared with the 108 lumino-
meter units obtained with an analogous plasmid containing
an uninterrupted luciferase gene.

The luciferase activity obtained with Luc(958*) could
be due to self-splicing of the intron in the 293 cells, as
we anticipated. Alternatively, there could perhaps be some
splicing-independent pathway of translating luciferase
from the intron-containing transcripts. A genetic test was
devised to assess self-splicing in cells. Mutations were
introduced into the intron that were predicted to: (i) abolish
its ribozyme activity; (ii) destabilize its folding and
therefore decrease its ribozyme activity; or (iii) change
peripheral sequences that are not involved directly in
intron tertiary structure or ribozyme activity (Figure 1B
and Table I).

The mutations in the guanosine-binding site, G264A
and C311U (Michelet al., 1989), greatly reducein vitro
self-splicing activity [(kcat/Km)G reduced ù1000-fold;
Legaultet al., 1992]. These mutations reduced luciferase
activity in cells to approximately background level
(Table I). The mutations predicted to destabilize the
catalytic core structure had a wide range of effects. The
deletion of the entire P5abc subdomain (del P5abc) or
replacement of its critical L5b tetraloop (L5b-UUCG)
almost eliminated activity in cells. This tetraloop docks
into a ‘tetraloop receptor’ comprising 11 nucleotides in
the vicinity of P6a and P6b (Costa and Michel, 1995;
Cate et al., 1996). Even a single base mutation of the
tetraloop, A152G, which is known to disrupt folding of
P4–P6 (Murphy and Cech, 1994), reduced luciferase
activity to ~1% of wild-type level. Single base mutations
in the tetraloop receptor had unequal effects: C223G
retained 23% of wild-type activity, while G250C was as
defective as the intron with the entire P5abc element
deleted.

Mutations not expected to disrupt the intron tertiary
structure were also tested. P9.1 and P9.2 previously had
been shown to be dispensable for core catalytic activity,
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although exon ligation takes place with decreased effici-
ency when both stem–loops are deleted (Barfod and Cech,
1988). A single base change in the L9.2 hairpin loop,
A386C, gave only a small decrease in luciferase activity.
The L6b loop does not interact with other portions of the
intron (Latham and Cech, 1989) and can be replaced by
a much longer helical segment without effect on activity
(Nakamuraet al., 1995). Changing the L6b sequence to
a stable tetraloop, GAGA, resulted in a small decrease in
luciferase activity (Table I). Although these two ‘negative
control’ mutations had the most modest effects of all the
mutations tested, it is noteworthy that they did result in
reproducible 2-fold reductions in luciferase activity. Thus,
gene expression in the 293 cells is extremely sensitive to
the integrity of the group I intron.

Overall, the mutations had similar effects on luciferase
activity in the reporter gene system as they have on
self-splicing activity: active site mutations eliminated
luciferase activity; mutations that affect structural
interactions had intermediate to strong effects; and
mutations predicted to be neutral had the smallest effects
on luciferase activity. These results support the conclusion
that luciferase activity in cells is dependent upon the same
self-splicing activity that has been characterizedin vitro.

Effect of exon context on self-splicing and
translation in vitro
Given that luciferase gene expression was very sensitive
to the integrity of the intron, we explored whether it was
also sensitive to the nature of the flanking exon sequences.
The intron was therefore inserted after nucleotides 57,
257, 553 and 1578 of the luciferase ORF, all of which are
uracil residues as required for group I intron self-splicing
(Figure 2A, top). In each case, the intronic IGS was
altered to match the 59 and 39 exon sequences, thereby
allowing formation of P1 and P10. In addition, a new
Luc(958) plasmid was constructed to correct the point
mutation within P5abc.

Self-splicing was tested forin vitro transcripts of each
luciferase gene. The main products generated in each
splicing reaction were the 1650 nucleotide ligated exons
and the excised intron (Figure 2A). Luc(958) had a slightly
smaller excised intron than the other RNAs because it
underwent efficient circularization and circle reopening,
accumulating a linear form missing 15 nucleotides from
its 59 end (Hagen, 1999). [This pathway has been worked
out in detail by Zauget al. (1983, 1984).] The other
introns had altered IGS sequences, and thus circularized
less efficiently or not at all.

The effect of intron position on the rate of self-splicing
was determined (Figure 2B). As is typical for self-splicing
kinetics, the reactive fraction of the precursor RNA
required two kinetic components to be adequately fitted;
another portion (54–76% of the total) remained unreacted
even after a 2 h incubation. The different precursor RNAs
differed with respect to the fraction of the RNA reacting
in the most rapid kinetic phase (f1), the rate constant for
this rapid phase (k1) and the percentage reaction after 2 h
(Table II). However, all precursors had similar splicing
activity within a 5-fold range.

We expected that self-spliced RNA should be translated
just as effectively as Luc(WT) mRNA, which had never
been interrupted by an intron, because they should be
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identical in nucleotide sequence. To test this expectation,
each RNA construct was self-spliced and translatedin vitro
in rabbit reticulocyte lysates. All of them programmed the
synthesis of luciferase proteins, which appeared as a
doublet; one band having the mobility expected for lucifer-
ase (63 kDa) and another with a slower mobility
(Figure 2C). Luc(WT) mRNA gave rise to the same
doublet (Figure 2C, lane 6). A transcript interrupted by a
mutant intron that could not undergo splicing gave neither
of these translation products (Figure 2C, lane 7). The
amount of luciferase protein translated from ligated exons
was within 3-fold of the amount translated from the same
amount of Luc(WT) mRNA (quantitation not shown).

Each RNA sample also contained unspliced precursor
RNA (Figure 2A); because the intron contains multiple
termination codons in all reading frames, these unspliced
RNAs would be expected to give rise to truncated poly-
peptides (Figure 2D). Truncated products were observed
for Luc(553), Luc(958) and Luc(1578) and corresponded
to the predicted sizes of 23, 38 and 58 kDa, respectively
(Figure 2C). Any truncated polypeptides produced by

6494

unspliced Luc(57) or Luc(257) precursor RNA (Figure 2C,
lanes 1 and 2) would be too short to be visualized on the
gel. Competition for translation of precursor RNA (leading
to the truncated polypeptides) and spliced exons (leading
to full-length luciferase) may have contributed to the
3-fold underrepresentation of luciferase compared with
Luc(WT), which would not have such competition.

The translatability of the spliced exons was also con-
firmed by luciferase enzyme activity (data not shown).
Seven serial dilutions of each spliced RNA sample were
translatedin vitro, and luciferase activity was measured
and normalized to the amount of ligated exons added. The
assay was linear for the more dilute samples and then
leveled off, suggesting that the ribosomes were becoming
saturated. Based on the linear portion of the assay, the
luciferase activity from translation of each ligated exon
was determined to be within 2- to 5-fold of the activity
from translation of Luc(WT) RNA. Because all the spliced
exons programmed the translation of correct size, active
luciferase protein with efficiencies approaching that of
the intronless mRNA, we proceeded to investigate self-
splicing and translation in mammalian cells.

Exon context effects on self-splicing in cells:
discontinuity between spliced RNA and protein
levels
Having shown that all RNA constructs were able to self-
splice in vitro, albeit with different rates, and to produce
translatable mRNA, we compared their splicing in human
cells. Each intron-containing DNA was transfected into
293 cells along with DNA that encodesβ-galactosidase,
similarly driven by the CMV promoter. Theβ-galactosid-
ase mRNA could then be used to correct for variations in
transfection efficiency and RNA recovery. The steady-
state level of RNA transcribed from each gene was
measured by an RNase protection assay. The first antisense

Fig. 2. Effect of exon context on RNA self-splicing and translation
in vitro. (A) Top: representation of the luciferase mRNA (59 UTR in
black, ORF in gray) indicating the positions of insertion of the
Tetrahymenaintron. Bottom:in vitro self-splicing. Lanes 1–5, each
radiolabeled precursor RNA was self-spliced with 0.2 mM GTP at
37°C for 2 h and products analyzed by 4% polyacrylamide–7 M urea
gel electrophoresis; lane 6, intronless Luc(WT) RNA; lane 7,
Luc(257)-90 nucleotide intron RNA, a mutant which is incapable of
self-splicing, was incubated identically. c, circularized intron reaction
products. *, the intron excised from Luc(958) underwent efficient
circularization and circle reopening, so the form that has accumulated
after 2 h incubation is the reopened circle (15 nucleotides shorter than
the intact intron). Other faint bands between the ligated exons and the
excised intron correspond in size to splicing intermediates or products
of hydrolysis at splice sites. (B) Self-splicing kinetics. Self-splicing
(as in A) was analyzed by gel electrophoresis. After quantitation of
products, unreactive precursor was subtracted from each time point
and the reaction was fit to a double exponential. From slowest to
fastest, the curves represent (j) Luc(57); (m) Luc(553);
(u) Luc(1578); (.) Luc(958); and (d) Luc(257). (C) In vitro
translation in rabbit reticulocyte lysates of self-spliced RNAs.
Lanes 1–6,in vitro translation of the corresponding RNA samples
shown in (B), adjusting the quantities to equalize the amount of
ligated exons; lane 7,in vitro translation of the splicing-defective
Luc(257)-90 nucleotide intron RNA; lane 8,in vitro translation sample
with no added mRNA. Proteins were labeled with [35S]methionine.
The 23, 38 and 58 kDa arrows indicate the calculated sizes of
truncated polypeptides expected for translation of unspliced precursor
RNAs from Luc(553), Luc(958) and Luc(1578), respectively.
(D) Schematic diagram showing synthesis of the 58 kDa translation
product expected from unspliced Luc(1578) RNA.
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Table II. Self-splicing of a pol II transcriptin vitro and in human cells

Intron position Self-splicingin vitro Splicing and translation in cells

k1 (per min)a f1
a % P at 2 hb % Ligated exonsc Luciferase activityd Transl. effic.e

[% of Luc(WT)] [% of Luc(WT)]

Luc(57) 0.406 0.03 0.37 266 2 50 6 1 0.6 6 0.1 1.2
Luc(257) 0.986 0.13 0.63 396 6 40 6 1 2.1 6 0.3 5.3
Luc(553) 0.226 0.07 0.28 256 8 60 6 1 0.9 6 0.2 1.5
Luc(958) 0.77 0.50 38 116 2 1.7 6 0.03 16
Luc(1578) 0.476 0.09 0.49 446 4 5 6 3 0.086 0.01 2

aSelf-splicing time course was performed in 5 mM MgCl2 at 37°C after refolding for 10 min at 50°C. Unreactive precursor (based on a 2 hreaction)
was subtracted from each point, after which data were fit to a double exponential: Fs 5 f1e

(–k1t) 1 f2e
(–k2t) where Fs is the fraction precursor at each

time, and f1 and f2 are the fractions of the precursor reacting with rate constantsk1 andk2, respectively. The initial rate constantk1 is given here;
k2 ranged from 0.002 to 0.02/min. In those cases where multiple determinations were made, the data are presented as the mean6 SE.
bThe percentage product formed after a 2 hreaction.
cRNA was extracted from transfected cells and subjected to RNase protection analysis. The percentage of ligated exons was calculated by
quantitating the ligated exons band, the 59 precursor band and the 39 precursor band in the linear range of the titration (Figure 4C) and adding them
together. The ligated exons band was divided by the total (3100). The values reported are the average (6 range) of two separate determinations
using total cellular RNA from two separate transfections.
dAt 40 h after transfection, cells were harvested and resuspended in lysis buffer, and luciferase assays were performed as described in Materials and
methods. Extract amounts were normalized toβ-galactosidase activity. Mean6 SD of four replicates.
eTranslational efficiency, calculated as 1003 % luciferase activity/% ligated exons.

RNA probe was designed to hybridize equivalently to
each spliced and unspliced RNA, allowing total RNA
levels to be assessed (Figure 3A). A titration of total
cellular RNA in the presence of excess amounts of the
two probes (luciferase andβ-galactosidase) was first
performed to determine the linear range of the assay,
which extended to 0.25–0.5µg of total RNA for each
construct (Hagen, 1999). Assays with a single amount of
total cellular RNA (0.25µg) from each sample of trans-
fected cells are compared in Figure 3B. Comparison of
the steady-state level of luciferase RNA with the
β-galactosidase RNA revealed no differences between
constructs or between intron-containing luciferase genes
and Luc(WT). These results suggest that neither transcrip-
tion nor RNA stability is affected by the presence of the
self-splicing intron.

The fraction of spliced luciferase RNA was also deter-
mined by RNase protection assays. A different probe was
designed for each precursor RNA such that it spanned the
site of intron insertion. When such a probe hybridizes to
ligated exons, it protects a continuous stretch of RNA,
but when it hybridizes to the unspliced precursor, it is
cleaved by RNase at the splice site to yield two smaller
fragments (Figure 4A). Total RNA from each transfected
sample of cells was titrated with a constant, excess amount
of labeled probe. In the sample data shown in Figure 4B,
it is apparent that the signals for the precursor and for the
ligated exons increased with increasing amount of cellular
RNA. The data were quantitated, and a linear response
between amount of cellular RNA and amount of protected
RNA was obtained (Figure 4C). The percentage of spliced
RNA was then calculated by dividing the signal for the
ligated exons by the total detected luciferase RNA (ligated
exons1 59 exon 1 39 exon) from data taken within the
linear range (Table II). The intron splices in mammalian
cells, but the efficiency varies with the position of the
intron. Splicing is most efficient (40–60%) from Luc(57),
Luc(257) and Luc(553), less efficient (11%) from Luc(958)
and least efficient (5%) with the intron near the 39 end
(Table II). A control experiment described in Materials
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Fig. 3. Equivalent steady-state levels of luciferase RNAs produced
after transfection of genes into 293 cells. (A) Schematic of the mRNA
showing five positions of insertion of theTetrahymenaintron and
(below) indicating the position of the RNase protection probe,
designed to hybridize equally to nucleotides 664–889 of all
spliced and unspliced RNAs. (B) RNase protection assays. RNA
extracted from cells transfected with various luciferase genes and a
β-galactosidase gene (to control for transfection efficiency) was
hybridized with excess amounts of radiolabeled luciferase and
β-galactosidase probes, digested with RNases A and T1, mixed with a
54 nucleotide DNA oligo as a precipitation control, and the products
analyzed on a 4% polyacrylamide–7 M urea gel. The assay was
determined to be linear to 0.5µg of total cellular RNA/assay (data not
shown); the data shown here used a single concentration of 0.25µg.
Lanes 1–5, Luc(57)–Luc(1578); lane 6, Luc(WT); lane 7, Luc(257)-90
nucleotide intron; lane 8, untransfected 293 cell RNA; lane 9, RNase
digestion of probes in the absence of cellular RNA; lane 10,
undigested mixture of 275 nucleotide luciferase probe and
300 nucleotideβ-galactosidase probe.
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Fig. 4. Detection of self-spliced and unspliced luciferase RNAs in 293
cells. (A) RNase protection assay to distinguish spliced RNA
(228 nucleotide protection product) from unspliced precursor
(146 nucleotide1 82 nucleotide protection products). Thick black
bars, luciferase RNA exons; thin black loop, intron; gray bars, RNase
protection probe. A separate probe was synthesized for each intron
position. (B) Titration of increasing amounts (0.0078–2.0µg) of RNA
from Luc(958)-transfected cells. Following RNase protection analysis,
the products were analyzed by 4% polyacrylamide–7 M urea gel
electrophoresis. Lane1, unhybridized probes digested with RNases A
and T1; lane –, 278 nucleotide luciferase probe plus 400 nucleotide
β-galactosidase probe, undigested. A 54 nucleotide DNA oligo was
added to each of the reactions as a control for recovery.
(C) Quantitation of the data from (B), showing the linear portion only.
(n) β-galactosidase RNA; (j) and (r), 146 and 82 nucleotide
fragments resulting from unspliced luciferase precursor RNA; (d), 228
nucleotide fragment resulting from luciferase-ligated exons.

and methods confirmed that the observed RNA splicing
occurred in the cells, not during RNA extraction.

Protein production, which requires both splicing and
translation, was measured by luciferase activity of
cell lysates. Luciferase activity was normalized to
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Fig. 5. Luciferase activity due to self-splicing and translation in 293
cells. Luciferase genes containing theTetrahymenaintron inserted into
five positions (A) were transfected into 293 cells, along with a
β-galactosidase gene. At 40 h, cells were harvested, lysed and assayed
for luciferase. (B) Luciferase activity (mean6 SD of four assays)
normalized toβ-galactosidase activity. (C) Untransfected 293 cells and
cells transfected with genes carrying splicing-defective mutant introns
(the –90 nucleotide versions) gave only background levels of
luciferase activity.

β-galactosidase activity resulting from the co-transfected
β-galactosidase gene. As shown in Figure 5, all intron-
containing DNA constructs produced levels of luciferase
that were far above the background levels found in
untransfected 293 cells or cells transfected with luciferase
genes interrupted by splicing-defective mutant introns.
Four of the five intron positions gave approximately
equivalent amounts of luciferase activity, while the 39-most
position [Luc(1578)] gave a 10-fold lower level. Most
surprising was the observation that none of the constructs
gave more than ~2% of the luciferase activity of the
uninterrupted Luc(WT) construct.

One simple explanation for the unexpectedly inefficient
translation of self-spliced mRNA would be if missplicing
of the RNA occurred in cells, resulting in a frameshift or
insertion/deletion mutation. Such missplicing was unde-
tectablein vitro, as evidenced by the good correspondence
between levels ofin vitro translated protein and luciferase
activity. Nevertheless, we could not rule out the possibility
of missplicing of RNA in cells transfected with Luc(57),
Luc(257), Luc(553) and Luc(1578), which showed low
translational efficiency (Table II). Therefore, RNA from
these cells was amplified by RT–PCR. Sequencing across
the splice junction of the ligated exons revealed only
correctly spliced mRNA (data not shown). Thus, mis-
splicing cannot explain the inefficient translation in cells.

Low splicing efficiency of the intron near the
39 end
Luc(1578) had the least activity in cells and also had the
lowest percentage of ligated exons as determined by
RNase protection. This contrasts with its highin vitro
splicing activity (Figure 2B, Table II) and goodin vitro
translatability (Figure 2C). Because the 39 exon is only
72 nucleotides and the intron is closest to the polyadenyl-
ation site, it seemed possible that the polyadenylation
machinery could interfere with correct folding of the
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intron in cells. Alternatively, the low efficiency could be
a problem particular to these exons.

To determine if proximity of an intron to the 39 end of
a transcript affects splicing in cells, the 39 exon of a more
efficiently spliced RNA, i.e. Luc(553), was reduced to 75,
143, 202 or 409 nucleotides. If proximity to the 39 end
reduces splicing efficiency, then shortening of the 39 exon
of Luc(553) should inhibit splicing. The four DNA con-
structs were each transfected into 293 cells and RNase
protection was performed to determine the percentage of
ligated exons. The linear range of the ligated exons was
the same for each, and the introns spliced with the
same efficiency, 50–60% (data not shown). This splicing
efficiency was similar to the 60% value obtained with the
parental Luc(553) RNA. Therefore, a short 39 exon or
proximity to the polyadenylation site does not always
inhibit splicing. This suggests that the particular 59 and/
or 39 exon sequence in the neighborhood of position 1578
reduces splicing efficiency in cells.

Similar intron positional effects in three cell lines
To determine if self-splicing and subsequent translation
were cell line specific, we examined the same set of
intron-containing luciferase genes in two other cell lines,
Cos-7 (monkey kidney cells) and NIH 3T3 (mouse
fibroblasts). One of these cell lines was of the same tissue
origin as the human 293 cells, and the other of a different
origin. The luciferase activity in both cell lines showed a
remarkably similar trend to the results obtained in 293
cells (data not shown; see Hagen, 1999), suggesting
that the cause of intron positional dependence of gene
expression is the same. The most luciferase activity was
obtained by splicing of Luc(257) in Cos-7 cells, where
the activity was still only 8% of the activity from Luc(WT).

With the intron in the 59 UTR, translation is
independent of self-splicing
Luc(–28*) had the self-splicing intron inserted in the
59-untranslated region (59-UTR), 28 nucleotides preceding
the translational initiation codon. The luciferase activity
of Luc(–28*) was greater than that of any of the other
constructs (Figure 6), although it was still 10-fold lower
than that produced by Luc(WT) transcript.In vitro self-
splicing of Luc(–28*) was much slower than that of
Luc(958*); it was so unreactive that it was difficult to
quantitate. (Both RNAs contained the A187G mutation,
which decreases splicing.) We suspected that the high
luciferase activity of Luc(–28*) was not due to the intron
being spliced to a greatly increased extent in cells, but
instead that the unspliced precursor was translated. To test
this hypothesis, two separate mutations were made in
the intron to eliminate self-splicing activity, G250C and
G264A. G250 is part of the tetraloop receptor of L5b
(Figure 1B) and, from the crystal structure, it interacts
with the tetraloop. G264 is part of the G-binding site
required for catalysis. These mutations did not have an
effect on the luciferase activity (Figure 6), indicating that
splicing was not required for translation of the gene in
this construct. For comparison, the introduction of either
mutation G250C or G264A reduced the luciferase activity
of Luc(958*) by 1000-fold (Figure 6), showing that these
mutations are capable of disrupting self-splicing.
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Fig. 6. With the intron in the 59 UTR, splicing is not required for
translation of the adjacent ORF. Human 293 cells transfected with the
indicated genes were assayed for luciferase activity as in Figure 5.
Cross-hatched bars, Luc(958*) and two splicing-defective mutant
versions thereof; solid bar, untransfected 293 cells; shaded bars,
Luc(–28*) and two splicing-defective mutant versions. Each bar shows
the mean6 SD of three assays, normalized to the activity of a co-
transfectedβ-galactosidase gene.

Discussion

Self-splicing of mRNA in mammalian cells
Group I introns inhabit nuclear rRNA genes in eukaryotes
including Tetrahymena and Physarum. They inhabit
mRNA genes in bacteriophage and fungal mitochondria
(reviewed in Lambowitz and Belfort, 1993). However,
there is no known case of a nuclear protein-coding gene
interrupted by a group I intron, and no group I introns
have been reported in any mammal. Group I ribozymes
are active when produced by phage T7 transcription in
the cytoplasm of mouse cells (Joneset al., 1996) or when
the RNA is transfected into human blood cells (Lanet al.,
1998). However, self-splicing had not been shown for a
group I intron transcribed as part of an mRNA in the
nucleus of a mammalian cell, where RNP formation, RNA
trafficking and the intracellular milieu might or might not
be conducive to self-splicing. We now report such activity
in human, monkey and mouse cell lines. The activity is
sensitive to mutations that destroy the essential guanosine-
binding site of the intron or that destabilize folding of the
catalytically competent RNA structure. Thus, the splicing
that occurs in mammalian cells requires the self-splicing
activity inherent to the intron.

Recently, Long and Sullenger (1999) have also reported
splicing of theTetrahymenaintron in human cell lines, in
their case from retroviral genome transcripts. They found
that transcript context had a much larger effect on splicing
efficiency in cells than on splicingin vitro, as in our study.

Self-splicing is inefficient in cells
Although self-splicing of luciferase mRNA in mammalian
cells was readily detected, it was not efficient. The steady-
state amount of the RNA present as ligated exons ranged
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from 5 to 60%, depending on the position of intron
insertion. Thus, 40–95% of the luciferase transcripts
present in the steady-state were unspliced precursor RNA.
The total RNA level (spliced1 unspliced) was similar to
that of an intronless Luc(WT) control, suggesting that the
low steady-state levels of ligated exons were due to
inefficient splicing, not to changes in transcription or RNA
degradation. The data do not distinguish between two
types of inefficient splicing: splicing could be very slow
(of the order of the half-life of luciferase mRNA) or it
could be heterogeneous, one population being spliced
quickly and another population not spliced at all.

The inefficient splicing of theTetrahymenaintron
inserted in luciferase mRNA in mammalian cells is in
contrast to the efficient splicing of the same intron in its
natural pre-rRNA context inTetrahymena. In Tetrahymena,
splicing is so efficient that the steady-state population of
unspliced precursor RNA is,,1% of that of the mature,
spliced 26S rRNA (Cech and Rio, 1979; Dinet al., 1979).
The half-life for pre-rRNA splicingin vivo in Tetrahymena
is extremely short, estimated as ~2 s (Brehm and Cech,
1983).

Under largely optimized conditionsin vitro, self-splicing
is not highly efficient for either the artificial luciferase
mRNAs or theTetrahymenapre-rRNA. The percentage
of the RNA that reacts within ~2 h is 24–44% for the
luciferase RNAs (Table II) and of the order of 50–80%
for the Tetrahymenapre-rRNA (Been and Cech, 1986;
Barfod and Cech, 1989; Woodson and Cech, 1991). The
first-order rate constant for the most reactive fraction is
ø1/min for the luciferase RNAs (Table II) and 0.9/min
for the Tetrahymenapre-rRNA (Cech and Bass, 1986).
The difference is that the intron has a much increased
splicing efficiency in pre-rRNA inTetrahymenanucleoli,
whereas the same intron present in pre-mRNA transcripts
does not derive this large increase in splicing efficiency
in mammalian cells. The same high rate and efficiency of
splicing observed inTetrahymenaare obtained when the
intron is inserted into the corresponding site in the 23S
rRNA in E.coli; thus, in vivo facilitation of pre-rRNA
self-splicing does not require a species-specific protein
(Zhanget al., 1995).

The much greater efficiency ofTetrahymenaintron
splicing in its natural pre-rRNA context than in an mRNA
context implicates facilitation of folding of the catalytic
RNA structure in the former case. RNA folding may be
assisted by the local structure of the rRNA itself (Woodson
and Emerick, 1993), by co-transcriptional binding of
ribosomal proteins to the exons or by non-specific RNA-
binding proteins or ribosomes acting as chaperones
(Coetzeeet al., 1994; Semrad and Schroeder, 1998).

Exon context effects and predictive ability of
in vitro tests
Although all five intron positions underwent splicing in
mammalian cells, the efficiency of splicing was affected
by intron location. Luc(958) was ~5 times less efficient
at accumulation of ligated exons as the other intron-
containing RNAs, and Luc(1578) was ~10 times less
efficient (Table II). Truncation of the 39 exon of the more
efficiently spliced Luc(553) RNA showed that proximity
to the 39 endper sewas not inhibitory to splicing. Thus,
the inefficient splicing of the Luc(958) and Luc(1578)
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introns appears to be due to their local exonic environment,
not their position within the pre-mRNA. It seems likely
that these exon sequences interfere with intron folding, as
has been observed in other group I intron transcripts
(Woodson and Cech, 1991; Semrad and Schroeder, 1998;
Clodi et al., 1999).

Strikingly, the efficiency of self-splicing of the same
transcriptsin vitro was not at all predictive of their activity
in mammalian cells. Luc(553) and Luc(57) were the worst
in vitro self-splicing RNAs by three criteria: slowest rate
constantk1, smallest fraction (f1) of the RNA reacting in
the rapid kinetic phase and lowest amount of splicing
after 2 h (Table II). Yet these two RNAs gave the highest
percentage of ligated exons in mammalian cells. Thus,
in vitro self-splicing was not predictive of exon context
effects in cells. It is, however, a good qualitative test of
the effect of intron mutations on splicing activity in cells:
catalytic active site mutations that destroyin vitro catalytic
activity prevent splicing in cells, structural mutations that
reduce in vitro activity reduce splicing in cells, and
mutations of peripheral regions that are neutralin vitro
have the smallest effects in cells (Table I).

Self-spliced mRNA is not translated efficiently in
cells
We expected that those luciferase transcripts that under-
went self-splicing in mammalian cells would then be
translated efficiently. Indeed, the same RNAs, when self-
spliced in vitro, were translated in reticulocyte lysates
with efficiencies approaching that of the intronless
Luc(WT) RNA. However, the translation efficiency of the
spliced transcripts in 293 cells was low, varying from 1.2
to 16% of Luc(WT) RNA (Table II). Similarly, low
luciferase levels were obtained in two other cell lines.

It was quite unexpected that the prior presence of an
intron affects the translatability of mRNA even after
splicing has occurred. A number of possibilities could
account for this result, two of which are as follows.
Because self-splicing appears to be quite slow, perhaps
much of the RNA is transported to the cytoplasm before
it can be spliced. The RNA, even if it later underwent
splicing, might miss a limited window of time to engage
in a translation cycle, or might undergo poly(A) tail
shortening such that translation was inefficient. A second
possibility involves the mRNA surveillance pathway,
which guards against mRNAs with premature termination
codons (Hilleren and Parker, 1999). The intron contains
stop codons in the luciferase ORF, and in fact in all three
reading frames. Although a premature stop codon normally
results in mRNA degradation, perhaps in this case (e.g.
because of the structured intron) the RNA is instead
sequestered from the translational machinery. Possibly
related are the findings of Zhanget al. (1998a,b) that pre-
mRNA splicing in the nucleus can influence mRNA
translation in the cytoplasm. Cytological localization of
the spliced and unspliced RNA may be informative in
illuminating the cause of translational inefficiency.

Implications for trans-splicing ribozymes
One of the motivations for this study was to understand
better the robust features and the limitations oftrans-
splicing ribozymes, which are promising reagents for gene
therapy. By circumventing the need for ribozyme delivery
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and ribozyme binding to its target mRNA, thecis-splicing
reaction studied here reduces the required steps to the
following: RNA splicing, transport, stability and transla-
tion. We found that group I RNA self-splicing was not
highly efficient in mammalian cells, but nevertheless gave
steady-state levels of ~50% spliced RNA in three out of
the five intron positions tested. The two other positions
gave only 5 and 11% spliced mRNA, and the data
suggested that the exon context was inhibitory for splicing.
Thus, intrans-splicing experiments, testing more than one
target site would appear to be wise. We also found that
in vitro self-splicing tests were not informative in guiding
the choice of which target site might be most reactive in
cells, suggesting that RNA–protein interactions alter exon
structure or exon–intron interactions in cells.

Several of our results provide optimism for thetrans-
splicing approach. Self-splicing was versatile with respect
to target site: all of our engineered IGS–exon interactions
were active. Splicing was accurate in cells and the presence
of a self-splicing intron in the mRNA did not affect its
steady-state level, so it presumably did not affect RNA
stability.

One potential challenge for thetrans-splicing approach
was also revealed. The spliced mRNAs were translated
with only 1–16% the efficiency of the intronless Luc(WT)
mRNA, presumably due to perturbation of mRNA trans-
port. It is unknown whether this same inefficient translation
would pertain totrans-spliced ‘repaired’ mRNAs. Thus,
in trans-splicing experiments, it will be important to assess
not justtrans-spliced mRNA levels, but protein production
as well.

Materials and methods

Construction of DNA plasmids
Luc(WT), which has the firefly luciferase gene cloned into the polylinker
of pcDNA (Invitrogen), was a gift from Thomas Campbell. TheTetra-
hymenaintron was cloned into various positions of the luciferase gene
using PCR. The regions corresponding to the desired 59 exon and 39
exon were amplified from Luc(WT) as separate DNA fragments, and
the intron was amplified from plasmid pT/S (Sullenger and Cech, 1994).
Amplifications were performed using Vent polymerase (NEB) or Pwo
polymerase (Boehringer), both high fidelity polymerases. The 59 exon
was re-amplified with the intron, and this fragment was purified from
an agarose gel using the Qiagen gel extraction kit. The 59 exon–intron
fragment was then amplified with the 39 exon DNA fragment to form
the intron-containing luciferase gene. Each gene was cloned into the
KpnI–EcoRI restriction sites of the vector pcDNA and confirmed by
automated sequencing (Applied Biosystems). Intron mutagenesis was
performed by the method of Kunkelet al. (1987) and confirmed by
sequencing using thermosequenase (Amersham).

In vitro kinetics
Each DNA construct was cut withEcoRI and transcribed using T7 RNA
polymerase in a reaction that contained 10 mM MgCl2, 5 mM dithio-
threitol (DTT), 4 mM ATP, 4 mM GTP, 4 mM CTP, 4 mM UTP,
[α-35S]UTP (800 Ci/mmol, NEN) and 30 mM Tris–HCl, pH 8, at 37°C
for 2 h. The labeled transcript was pre-incubated in buffer consisting of
5 mM MgCl2, 0.15 M KCl and 10 mM MES pH 5.5, for 10 min at
50°C and 2 min at 37°C. The reactions were initiated by adjusting the
solution to 0.2 mM GTP, 5 mM MgCl2, 0.10 M KCl and 50 mM HEPES
pH 7.4. Reaction products were analyzed on a 4% polyacrylamide–7 M
urea gel and quantitated using a PhosphorImager (Molecular Dynamics).

Transient transfections
Dishes (60 mm) were seeded with 33 105 293 cells and incubated
overnight at 37°C/5% CO2. Five micrograms of each luciferase gene
plus 1µg of a β-galactosidase gene, also with a CMV promoter (gift of
N.Ahn laboratory), were transfected onto each plate of cells using
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Superfect (Qiagen). After 40 h incubation, cells were washed with 4 ml
of phosphate-buffered saline pH 7.2. Cells were lysed into 13 reporter
lysis buffer (Promega); cell extracts were freeze–thawed once and cell
debris was removed by centrifugation. Luciferase assays were conducted
using luciferin as the substrate (Promega) in the presence of ATP and
analyzed using a luminometer (Berthhold).β-galactosidase assays used
the Promegaβ-galactosidase assay system.

RNase protection assays
For RNA extractions, the medium was removed from each plate, and
cells were resuspended in 1 ml of Trizol (Gibco-BRL). The RNA was
extracted from the cellular debris and precipitated. RNase protection
assays were performed using an RPA II kit (Ambion). Protected RNA
fragments were separated on a 4% polyacrylamide–7 M urea gel and
quantitated using a PhosphorImager. Templates forin vitro transcription
of antisense probes were amplified by PCR using 100 ng of luciferase
DNA template. The 39 primer contained a T7 promoter. PCR products
were analyzed by agarose gel electrophoresis and purified using a Qiagen
gel extraction column. PCR products were transcribed by T7 polymerase
in a reaction that contained 10 mM MgCl2, 5 mM DTT, 1 mM ATP,
1 mM UTP, 1 mM GTP, 50µCi of [α-32P]CTP (800 Ci/mmol) and
30 mM Tris–HCl pH 8. RNA was transcribed for 2 h and then subjected
to 2 U of DNase I (Ambion) for 20 min at 37°C. RNA probes were gel
purified on a 4% polyacrylamide–7 M urea gel and eluted overnight at
37°C in probe elution buffer (Ambion).

To assess whether self-splicing might have occurred during RNA
extraction, [α-35S]UTP-labeled Luc(257) precursor RNA was added
directly to a plate of cells after the medium was removed, and RNA
was extracted with Trizol. Self-splicing did not occur during the extraction
process, as the extracted precursor remained unspliced (Hagen, 1999).
Labeled,in vitro spliced RNA was similarly added to a plate of cells.
The 414 nucleotide intron was recovered, indicating that if self-splicing
were to occur during extraction, it would be detected.
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